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Multiphoton imaging based on two-photon excitation is 
making its way into the clinics, particularly for skin can- 
cer diagnostics. It has been suggested that endogenously 
formed protoporphyrin IX (PpIX) induced by aminole- 
vulinic acid or methylaminolevulinate can be applied to 
improve tumor contrast, in connection to imaging of tis- 
sue autofluorescence. However, previous reports are lim- 
ited to cell studies and data from tissue are scarce. No 
report shows conclusive evidence that endogenously 
formed PpIX increases tumor contrast when performing 
multiphoton imaging in the clinical situation. We here 
demonstrate by spectral analysis that two-photon excita- 
tion of endogenously formed PpIX does not provide ad- 
ditional contrast in superficial basal cell carcinomas. In 
fact, the PpIX signal is overshadowed by the autofluor- 
escent background. The results show that PpIX should 
be excited at a wavelength giving rise to one-photon 
anti-Stokes fluorescence, to overcome the autofluores- 
cent background. Thus, this study reports on a plausible 
method, which can be implemented for clinical investiga- 
tions on endogenously formed PpIX using multiphoton 
microscopy. 
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Three-dimensional multiphoton microscopy images ob- 
tained from a superficial basal cell carcinoma illustrating 
higher porphyrin contrast when anti-stokes excitation 
(710 nm) is used compared to two-photon excitation 
(810 nm). 
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1. Introduction 

Non-linear optical microscopy is becoming an impor- 
tant tool in the biosciences [1, 2]. In particular, a 
technique based on two-photon excitation of tissue 
autofluorescence using near-infrared radiation (NIR) 
has shown to be a powerful tool for obtaining non- 
invasive tissue biopsies of skin tumors. The technol- 
ogy is making its way into the clinics launched as 
multiphoton tomography [3, 4]. But despite promis- 
ing results for tumor diagnostics based on tissue 
autofluorescence [5, 6], there is a continued quest 
for suitable contrast agents, providing elevated tu- 
mor contrast. As aminolevulinic acid (ALA) or its 
methylester methylaminolevulinate (MAL) have 
been applied to provide tumor contrast for macro- 
scopic fluorescence imaging of human skin tumors 
[7-9], it comes as a natural step that these drugs 
could be useful in providing tumor contrast also for 
multiphoton imaging. This has indeed been sug- 
gested by others [10, 11]. Preliminary data exist, but 
reports are mainly restricted to cell cultures [12-15]. 
Data from skin tumors are limited and lack thorough 
spectral investigations [11, 15]. 

When ALA or MAL is applied to living tissue, 
they metabolize to form protoporphyrin IX (PpIX) 
through the heme biosynthesis pathway [16]. PpIX is 
a fluorescent porphyrin, which is well characterized 
when it comes to its one-photon excitation proper- 
ties [17, 18], exhibiting a strong absorption peak in 
the blue region, i.e. 405 nm, known as the Soret- 
band, due to the transition from the ground singlet 
state to the second electronic singlet state. However, 
detailed studies of two-photon excitation of PpIX 
are scarce. There are reports on multiphoton excita- 
tion of PpIX using NIR light in solution [19], gastro- 
intestinal cancer tissue, cell cultures [12-14] and 
mouse tissue [20, 21]. A few studies report on multi- 
photon excitation of endogenously formed PpIX in 
skin tissue [11, 15], but detailed spectral investiga- 
tions are lacking. 

We report on an investigative study with the aim 
to set up a method for multiphoton imaging of non- 
melanoma skin cancer, e.g. basal cell carcinoma, 
using MAL-induced PpIX fluorescence. We present 
a spectral investigation of two-photon excitation and 
emission of PpIX in solution, and from excised skin 
tumors from patients with basal cell carcinoma ex- 
posed to MAL. Our results demonstrate that two- 
photon excitation of PpIX in skin does not improve 
tumor contrast. Instead, we present a method, based 
on NIR one-photon anti-Stokes excitation of PpIX, 
which makes it possible to visualize endogenously 
formed PpIX in skin tumors. 



2. Experimental 

2.1 Chemicals 

Protoporphyrin IX (MW = 562.658 g/mol, purity of 
>95%, Sigma-Aldrich Sweden AB) was dissolved in 
dimethyl sulfoxide (DMSO, purity of >99.5%, Sig- 
ma-Aldrich Sweden AB) for the measurement of 
single- and two-photon excitation spectra. For the 
clinical study, MAL- cream (METVIX®, Galderma, 
160 mg/g methyl aminolevulinate as hydrochloride), 
and placebo cream (Unguentum M, Hernial, Rein- 
bek, Germany) were used. 



2.2 Skin samples 

The patients included in this study account for a sub- 
set from a major clinical trial at the Dept. of Derma- 
tology, Sahlgrenska University Hospital, Gothen- 
burg, approved by the local ethics committee 
(Dnr: 229-09). Initially nine patients with non-mela- 
noma skin cancer were included and treated with 
ALA or MAL according to protocol. The lesions 
were imaged using 780 nm excitation with equip- 
ment as described earlier [5]; however, no difference 
between autofluorescence and the PpIX channel 
were observed, and the study was aborted. Instead, 
an investigative study was initiated including three 
additional patients with histopathologically verified 
superficial basal cell carcinomas (for demography, 
see Supplementary methods). In this work, data 
from these three patients are presented. The patients 
gave written, informed consent prior to inclusion. 
MAL cream was applied to the lesions of two pa- 
tients for 3 hours according to clinical routine. Place- 
bo cream was applied to one lesion in the same man- 
ner. The application areas were covered with an 
occlusive and light-protective dressing. 

Biopsies from both the tumour bulk and perile- 
sional normal skin were obtained, using a 6 mm di- 
ameter dermal biopsy punch (Miltex Inc., York, PA). 
The biopsies were trimmed eliminating a part of sub- 
cutaneous tissue with surgical scissors. Half of the 
tissue biopsies obtained from one of the MAL treat- 
ed patients were cryosectioned in 10 [mi thin tissue 
sections and mounted on microscope slides, while 
the other half was stored in a freezer (—70 °C). The 
full thickness skin biopsies were placed in an im- 
aging chamber gasket with the skin surface against 
the cover glass and mounted on a microscope slide. 
The slides with the prepared specimens were 
wrapped in aluminium foil to protect them from 
light and stored in a freezer (—18 °C) for approxi- 
mately 1 hour until imaging began. 
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2.3 Multiphoton set-up 

The multiphoton set-up was a LSM 710 NLO micro- 
scope system (Carl Zeiss Microimaging GmbH, Ger- 
many), connected to a Mai Tai DeepSee tunable 
NIR Ti: Sapphire fs-laser (Spectra-Physics, Newport 
Corporation, USA). A Plan-Apochromat 20x/1.0 
water immersion objective, corrected for a 0.17 mm 
cover glass, having a working distance of 1.9 mm, 
was used in all experiments. 

For the spectral measurements in solution, a dro- 
plet of the solution was placed between two cover- 
slips. The emission spectra were obtained by exciting 
the sample either using a 405 nm diode laser or the 
NIR fs-laser operating at 710 nm or 810 nm, and the 
emission was recorded between 400-700 nm with 
steps of 10 nm using the internal LSM 710 spectral 
detector. The excitation spectra were obtained by se- 
quentially changing the excitation wavelength in the 
range of 700-950 nm with steps of 10 nm and the 
corresponding emission signal was detected in the 
range of 610-680 nm. The excitation spectra were 
acquired both increasing and decreasing wave- 
lengths, in order to avoid hysteresis. 

The same microscope was used for both multipho- 
ton and confocal fluorescence imaging, using either 
the NIR fs-laser (710 nm or 780 nm) or the diode la- 
ser (405 nm). A pinhole of 1 airy unit was used for 
confocal imaging, whereas NIR fs-laser imaging was 
performed with an open pinhole (if not otherwise sta- 
ted). For regular channel mode images, the skin auto- 
fluorescence was recorded in the emission range of 
410-580 nm, and the PpIX emission in the range of 
610-690 nm using the descanned pathway. 



3. Results 

3.1 Near-infrared fs-laser excitation results 
in one-photon anti-Stokes emission of PpIX 

One-photon absorption and excitation of porphyrins 
using light in the visible wavelength range are well 
understood [17, 22], but data from two-photon excita- 
tion using highly focused NIR fs-laser light of por- 
phyrins are surprisingly scarce. Figure la shows the 
emission spectrum of PpIX in solution acquired at 
three different excitation wavelengths. As shown by 
the figure, the characteristic Q(0,0) emission peak 
centered at 630 nm is evident for all excitations, both 
405 nm and NIR two-photon excitation at 710 nm 
and 810 nm. It should be noted that a stronger contri- 
bution to the emission around 670 nm is obtained for 
the 710 nm excitation. This emission most likely cor- 
responds to presence of photoproduct (i.e. photo- 



PpIX), which is known to have emission in this region 
[19, 23]. By increasing the energy of the excitation 
light, the emission from the photo-PpIX will increase 
because of a better matching of its Soret-transition. 

Figure lb demonstrates the excitation spectrum 
of a solution of PpIX when excited with fs-pulsed 
NIR light. As shown by the figure, the fluorescence 
intensity drastically increases when the excitation 
wavelength decreases and approaches 700 nm. This 
absorption behavior has earlier been observed for 
other porphyrins by Drobizhev et al. [24], who ex- 
plained this increase by a two-photon resonance en- 
hancement due to the nearby Q(0,0) transition. 
However, for pure two-photon excitation, the emis- 
sion intensity should be proportional to the square 
of the power of the excitation light. When investigat- 
ing the dependency of the PpIX fluorescence signal 
with respect to the laser power (Figure lc and Sup- 
plementary Figure SI), it was found that for shorter 
wavelengths approaching 700 nm there is a gradual 
transition of the non-linearity of the excitation pro- 
cess into a linear process. Thus, the increased excita- 
tion probability cannot be fully explained by a non- 
linear resonance effect. Instead, we show that this 
phenomenon is most likely caused by an increased 
probability of anti-Stokes one-photon absorption, il- 
lustrated by Figure 2. 

It is well known that porphyrins exhibit a Q(0,1) 
transition in their emission spectrum, but reports on 
one -photon absorption corresponding to this transi- 
tion are lacking, because of the low population of 
the first vibronic energy level in the ground state. 
However, when using highly focused fs-laser NIR 
light for excitation of porphyrins, the unlikely two- 
photon excitation process, i.e. having a cross-section 
((72pe) °f the order of 10~ 50 cm 4 s, photon, competes 
with a more probable one-photon transition, i.e. 
cross-section (ctipe) of the order of 10~ 15 cm 2 photon 
[25]. The probabilities of the one -photon (Pipe) and 
the two-photon (P2pe) excitation processes can be 
described as 

Pipe = ^ipe ■ I \Pv=i 

P2PE = £72pe ' ^ 2 

where / is the photon flux in the focus, and p v= \ is 
the thermal population, i.e. the population-ratio of 
the first vibronic level. Given the experimental con- 
ditions in our set-up (Supplementary material), the 
thermal population, i.e. the population-ratio of the 
first vibronic level, needs to be larger than 10~ 4 for 
the one-photon process to take over. An estimation 
using Boltzmann's equation, 

-&E 

p v=1 = ev 

results in a thermal population of 5 x 10~ 4 of the 
first vibronic level of PpIX at room temperature, ex- 
plaining why one-photon anti-Stokes fluorescence 
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Figure 1 (a) Emission spectra of protoporphyrin IX in dimethylformamide solution (2.6 mM) normalized at the Q(0,0) 
emission-peak acquired using different excitation wavelengths, (b) Near infrared excitation spectra of the same solution 
(emission detected in the range of 600-690 nm). (c) Investigation of power-dependency of the PpIX fluorescence as a 
function of wavelength (See also Supplementary Figure SI). Data presented as mean values obtained from 10 measure- 
ments at each wavelength. Errorbars correspond to the standard deviation. 



can be observed. In addition, there will be a buildup 
of PpIX in its first vibronically excited, but electroni- 
cal ground state as a consequence of the excitation/ 
deactivation process via the Q(0,1) transition. Emis- 
sion via the Q(0,1) transition will leave the mole- 
cules in the first vibronic level during the fs-pulse be- 
fore vibrational relaxation, as earlier demonstrated 
for iron porphyrins and heme using Raman spectro- 
scopy [26, 27]. Due to the high momentary density 
of photons in the fs-laser pulses, it is likely that a 
non-equilibrium of excited vibrational energy distri- 
bution will occur, contributing to an increased prob- 
ability for anti-stokes excitation. Furthermore, the fs- 
laser pulses (approx. 60 fs) have a spectral band- 
width of around 14 nm, leading to a gradual transi- 
tion to one-photon anti-Stokes fluorescence as the 
wavelength of the excitation light is decreased. Ta- 
ken together, our spectral investigation demonstrates 
that when exciting PpIX using high-intensity, fs- 
pulsed NIR excitation, the contribution of one- 



a be 




Figure 2 Jablonski diagram illustrating three possible pro- 
cesses for protoporphyrin IX excitation, (a) one -photon 
excitation (405 nm), (b) two-photon excitation (810 nm), 
and (c) anti-Stokes excitation (700 nm) from the first vi- 
bronic level of So. Bold arrows represent absorption; grey 
arrows, emission; and curved arrows, radiationless transi- 
tions. The emission peaks at 630 nm and 700 nm corre- 
spond to the Q(0,0) and Q(0,1) transitions respectively, as 
illustrated by the schematic emission spectrum insert. 



photon anti-Stokes fluorescence gradually takes over 
from non-linear excitation, when decreasing the wa- 
velength of the excitation light close to 700 nm. 



3.2 Lack of specific non-linear excitation 
of endogenous PpIX 

Our first attempts to visualize endogenously formed 
PpIX using two-photon excitation and similar set- 
tings as earlier reported, i.e. using fluorescence exci- 
tation in the range of 750-800 nm [11, 15], did not 
reveal any specific fluorescence signal from PpIX. 
Therefore, a detailed study of the excitation and 
emission of endogenously formed PpIX was underta- 
ken. Figure 3 presents fluorescence images obtained 
from a cryosection of an excised superficial basal cell 
carcinoma previously exposed to MAL for 3 hours 
in vivo. Presence of PpIX in the lesion was con- 
firmed by fluorescence imaging before excision 
(Supplementary Figure S2). Included in Figure 3 is 
also the fluorescence emission spectra obtained from 
the same sample. The characteristic porphyrin peak 
in the emission spectrum (Figure 3c) using 405 nm 
one-photon excitation confirms that PpIX is present. 
The autofluorescence emission (Figure 3 a) and PpIX 
emission (Figure 3b) can easily be separated by 
choosing the correct emission settings using 405 nm 
excitation. Interestingly, no evident porphyrin peak 
can be discerned from the spectrum when NIR exci- 
tation, i.e. 810 nm, is applied (Figure 3f). Instead the 
PpIX emission seems engulfed in a broadening of 
the autofluorescence spectrum. This is also evident 
from the fluorescence images, where overlapping 
features are observed in the autofluorescence (Fig- 
ure 3d) and the PpIX channel (Figure 3e). Thus, the 
distribution of endogenously formed PpIX cannot be 
easily discerned using multiphoton NIR excitation in 
skin tumors. On the other hand, when the excitation 
wavelength is lowered to 710 nm, i.e. a wavelength 
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Figure 3 Laser scanning confocal images and multiphoton 
excitation images of cryosections (10 ^im thickness) of a 
superficial basal cell carcinoma, exposed to MAL 3 hours 
before excision. The left panel shows the green autofluores- 
cence channel; the center panel, the red PpIX channel; and 
the right panel, the emission spectrum obtained from the 
same section. The first row demonstrates data obtained 
using one-photon excitation (405 nm), the second row 
shows two-photon excitation (810 nm) and the third row 
shows anti-Stokes excitation (710 nm). Scalebar equals 
100 |im (same for all images). 



3.3 3D -visualization of PpIX in skin based 
on anti-Stokes fluorescence 

Intact superficial basal cell carcinomas and perile- 
sional healthy skin exposed to MAL in vivo for 
3 hours were excised and examined ex vivo perform- 
ing three-dimensional multiphoton microscopy. Im- 
aging was performed on skin tumors and perilesional 
healthy skin with placebo for comparison. No specific 
PpIX fluorescence (red channel) was observed when 
780 nm excitation was applied, neither after the appli- 
cation of MAL, nor placebo, as demonstrated by Fig- 
ure 4 (and Supplementary Figures S3-S6). Predomi- 
nantly the skin autofluorescence was registered using 
this excitation wavelength. On the other hand, when 
710 nm excitation was used, distinct differences be- 
tween the autofluorescence and the red channel were 
observed, particularly after MAL application. Evident 
from the figure is also the higher accumulation of 
PpIX in the tumor compared to the surrounding tis- 
sue, a feature that could not be observed using 780 nm 
excitation. As 710 nm excitation results in a one- 
photon process, the signal in the red channel has lower 
resolution compared to the autofluorescence. Still, the 
anti-Stokes fluorescence is superior compared to con- 
ventional one -photon excitation, as only very limited 
signal from the outmost layers of the epidermis could 
be obtained using 405 nm excitation (data not shown). 
Also, a spectral investigation confirmed that PpIX 
emission from intact skin could only be obtained using 
710 nm excitation (Supplementary Figure S7). Thus, 
in order to visualize PpIX induced by MAL in skin 
tumors, one -photon anti-Stokes excitation is preferred. 



where the likelihood for one -photon anti-Stokes ex- 
citation is increased, the PpIX emission is signifi- 
cantly increased compared to the autofluorescence 
signal (Figure 3i). Due to a slight shift in emission 
peak, the contribution of photo-PpIX seems to be 
elevated. Taken together, at this excitation wave- 
length, the PpIX signal can be discerned from the 
autofluorescence (Figure 3h vs. Figure 3g). 



4. Discussion 

Multiphoton imaging is becoming a tool for non-in- 
vasive clinical diagnostics for a variety of diseases, 
with a special focus on skin cancer [4-6]. It is well 
known that skin tumors accumulate PpIX after ap- 



Placebo 



MAL 



Figure 4 Three-dimensional recon- 
struction of multiphoton microscopy 
z-stacks obtained from two different 
superficial basal cell carcinomas (b, f 
and d, h) and the corresponding sur- 
rounding normal skin (a, e and e, g). 
In the upper row, anti-stokes 710 nm 
excitation was used, and in the bot- 
tom row, 780 nm. The lesions had 
either been exposed to placebo (a, e, 
and b, f) or to MAL (c, g and d, h). 
Field of view for each image: 
213 x 213 x 90 |xm. 
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plication of ALA or MAL [28]. Endogenously formed 
PpIX has been suggested to provide enhanced tumor 
contrast in combination with multiphoton imaging 
[10, 11, 15], but earlier data are scarce. We found 
that pure multiphoton excitation of endogenously 
formed PpIX does not provide contrast in skin tu- 
mours. Instead PpIX should be excited at a wave- 
length close to 700 nm giving rise to anti-Stokes 
fluorescence, which is possible due to the thermal 
population of the first vibronic state of PpIX. 

The two-photon cross section has earlier been re- 
ported to be low for PpIX [19], explained by unfa- 
vorable multiphoton excitation of the Soret band. 
Exact two-photon excitation cross sections of tissue 
autofluorescence are difficult to obtain, as the con- 
centration of the fluorophores are unknown. Despite 
the fact that fluorescence from NADH and flavins 
seem to increase with decreasing wavelength [29, 
30], our results imply that shorter wavelengths are 
preferred in order for PpIX to overcome the auto- 
fluorescent background. As one-photon anti-Stokes 
excitation is a linear process, the confinement of ex- 
citation is lost and the out-of-focus signal increases. 
This was also observed as a deterioration of the re- 
solution in our study. In principle, this could be cor- 
rected by introducing a pinhole. In our set-up, we 
could not improve the resolution by introducing a 
pinhole as the PpIX signal was diminished. Thus, 
there is a trade-off between the signal and resolution 
of the PpIX fluorescence. 

There are several reports on one-photon excita- 
tion for visualizing skin tumors based on 405 nm ex- 
citation of endogenously formed PpIX [7, 31, 32], 
restricted to macroscopic surface fluorescence. In or- 
der to improve resolution and imaging depth, multi- 
photon imaging has been suggested. We here de- 
monstrate that pure two-photon excitation of PpIX 
in skin lesions is not possible, and instead anti- 
Stokes excitation using 710 nm excitation should be 
used. Compared to 405 nm excitation, the results de- 
monstrate that the 710 nm anti-Stokes excitation is 
superior when it comes to imaging depth with cellu- 
lar resolution in a confocal microscope, but a NIR 
fs-pulsed laser is required. Even though the resolu- 
tion of anti-Stokes excited PpIX is not the same as 
in pure two-photon excitation, the distribution of tis- 
sue PpIX can be discerned. By combining with two- 
photon excitation of autofluorescence, the cellular 
morphology can be visualized. 

Endogenously formed PpIX is perhaps most 
widely applied for therapeutic purposes, i.e. photo- 
dynamic therapy (PDT), rather than for diagnostics. 
It has also been suggested that endogenous PpIX in 
combination with multiphoton excitation could be 
used for confined PDT, based on the findings that 
the photochemistry and subsequent photobleaching 
using two-photon excitation of PpIX follows the 
same pathways as for one-photon excitation [19]. 



Earlier studies of PpIX emission using multiphoton 
excitation have been limited to solutions or cell lines 
[12-14] with less endogenous fluorescence compared 
to tissue. We here demonstrate that the emission 
based on two-photon excitation of endogenously 
formed PpIX is low. It is therefore likely that also 
the multiphoton photodynamic efficiency in tissue 
would be poor. Photobleaching is strongly related to 
the photodynamic effect and presence of oxygen [23, 
33], and has been proposed as a tool to monitor mul- 
tiphoton PDT [13]. Thus, our results also demon- 
strate the importance of investigating the photody- 
namic effect comparing multiphoton excitation and 
anti-Stokes excitation within the tissue. 

To conclude, we show that skin cancers under- 
going multiphoton imaging based on endogenously 
formed PpIX should be investigated on the verge of 
one-photon anti-Stokes fluorescence, to provide con- 
trast between PpIX and the tissue autofluorescence. 
These results are important to report since other 
authors have reported ongoing clinical trials on mul- 
tiphoton tomography in conjunct to ALA-induced 
PpIX in skin tumors, and should avoid extensive pa- 
tient inclusion if correct settings are not used. Based 
on our findings, this new knowledge should be con- 
sidered when implementing clinical investigations of 
endogenously formed PpIX using non-linear optical 
microscopy, providing the means for continued work 
in the field. 
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